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black.  Using  electron  spin  rose nance  spectroscopy ,  we  found  that  free  radical 
formation  accompanies  the  discoloration,  and  that  the  UV~gon<reted  radical:; 
are  stable  to  temperatures-  of  ca.  720  c.  Treatment  of  irradiated  TAT:',  with 
di  Tncthylsulfoxide  yielded  .a  soluble  free  radical,  identif  ied  from  its  hyper- 
fine  structure  as  a  hydrogen  atom  adduc.t  of  TATB.  a 
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Free  I'aclicals  Prcxluccxi  in  TATB 
by  U-V  Irradiation. 


By  Gerry  Chlnqae, 


University  of  Utah 
Dept,  of  Mechanical  Engineering 
and  Naval  Keaearch  laboratory 
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Ui.TRAVIOI  hT  IRRADIATION  OK  TATB: 

Generally,  energetic  materials  exhibit  incrovisiuj  fa'/j);  jyjjsi- 
tivity  with  increasing  performace.!  Since  this  trend  sug jests  that 
usuable  performance  is  .limited  by  safety  conr  Merit  ions,  there  has 
beer,  a  great  deal  of  interest  in  so-called  'Vocx:;*n  explosives"  v:hic:h 
are  unusually  insensitive?  for  their  energy  content.  TATB  (1,3, f>  - 
triamino,  2,4,6  -  trini  trobeiv/enu)  is  exeunt  ior.nl  in  this  respect. 


When  -j’/d'h  is  exposed  to  broadband  ultraviolet  radiation,  the 
material  gradually  darkens  from  yellow  to  black.  Using  electron 
resonance  (hhl),  v?  have  found  that  free  i  adlcal  formation  accompanies 
the  discol  oral  i  a,  mil  that  these  UV- generated  radicals  are  remarkably 
stable. 


Figure  3  shows  the  ESR  spectrum  characteristic  of  UV  irradiated 
powder  samples  of  TATB,  an  asymmetric  line  having  a  peak- to- trough 
width  of  7  C.  Host  of  the  irradiations  were  carried  out  in  air  room 
temperature  on  Paritex  samples  containing  residual  KH^C.l  from  syn¬ 
thesis.  However,  no  differences  were  found  cither  when  those  samples 
were  leached  in  boiling  water  prior  to  irradiation,  or  when  chlorine- 
free  samples  synthesized  from  TNT-*  were  used.  The  same  spectrum  also 
appeared  when  irradiation  was  performed  in  vacuo  at  liquid  nitrogen 
temperature.  F.SR  saturation  effects  were  observed  at  power  levels 
of  about  20  row. ,  so  spectra  were  generally  taken  at  power  levels  of 
only  a  few  milliwatts.  All  solid  samples  examined  were  powders. 

While  TATB  is  crystalline  in  form*,  the  material  has  low  solubility, 
so  single  crystals  sufficiently  .large  for  ESR  studies  are  presently 
unavailable. 
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Wo  carried  out  in  situ  irrudi.ul.ion  exp.-riu  .-nt to  examine  radi¬ 
cal  production  rate.  riho  froo  radical  level  roe ■  rapidly  at  first,  but 

I 

the  rut-*'  of  formation  gradually  decreased  on  further  irradiation.  Tain 
bchnv1’  ?•  r  r.~  gr.rontly  due  to  UV  opacity  of  the  sample,  radical  forma— 

t ion  -  .  i  '  at  exposed  surfao-j  and  slower  jri  Mr*  sample  in- 

t-:  rite  r.  is  lower. 

r  -  1'  r.  ..  .  >:  t tabled  the  srcrplas  during  irradiation  to 

c-xpa-’r  ~;f.  \;w  surface  area  as  possible;  Fig.  2  illustrates  the 
arranc  nt .  sen  roe,  not  shewn  in  the  figure,  was  a  COO  watt 

mercury--:;  sr.:-:  ere  laTp  focused  in  a  bean  cibout  2  cm  in  diameter. 
TAT3  pc-.-'Ser  pieced  in  the  5  me.  quartz  NMR  tube,  which  in  turn 
was  kept  in  a  •..ter  j arret  to  minimize  heating.  Tnc  end  of  the  NMR 
tube  -  was  re‘.  by  a  rotor  using  a  short  piece  of  rubber  tubing  as 
a  flexible  coupling.  Radical  yields  of  about  one  radical  per  hundred 
molecule:  were  obtained  in  this  way. 

Since  the  radicals  were  quite  stable  under  ambient  conditions, 
variable  temperature  studies  wore  performed  to  determine  thermal 
stability.  Experimental  results  arc  shown  in  Fig.  3.  Spectra  were 
taken  from  room  temperature  up  to  300  C°  in  20  C°  in  eremonts,  dwel¬ 
ling  10  min.  at  each  temperature.  rlh.is  allowed  adequate  time  to 
obtain  a  spectrum  after  about  3  min.  of  equilibration,  while  ensuring 
reproducibility  in  the  presence  of  kinetic  behavior.  Figure  3  shows 
the  spin  density  as  a  function  of  temperature.  'ibis  was  obtained 
by  double  integration  of  the  ESR  spectrum,  and  then  co.Tp-ensat  iiig  for 
temperature  dependence  of  polarization  per  spin  using  the  Curie  law. 
No  change  in  free  radical  level  occurs  until  about  220  C° ,  where  the 
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nan.i’i >er  of  spins  begins  to  decrease.  'this  is  accompanied  by  a  lineshapj 
change;  to  a  slightly  broader  spectrum  (Fig.  4s)  with  a  peak-to-trouejh 
1  inwidth  of  13  G.  At  300  C°,  this  spectruu  decays  exponentially  with 
a  time  constant  of  3S  min. 

Gaea 'an-::  doping  experiments  were  carried  out  on  irradiated  samples 
using  bromine  and  ammonia.  Broad,  nearly  symmetric  lines  resulted, 
shown  in  Fie;-..  4b  and  4c;  peak- to- 1 rough  l  inwidths  wore  14  and  10  G. 
for  bromine  and  ammonia  respectively.  The  line  centers  fell  within 
about  one  gauss  of  each  other,  too  clone  for  significance  to  be  at- 
tached  to  via--  dit  Cerent  q  values. 


Two  pieces  of  evidence  exist  which  point  to  steric  hindrance  as 
the  factor  \ stabilises  the  free  radical.  Drs.  A.N.  Garroway 
and  II. A.  I': '  leg  (MIL)  have  run  solid  state  proton  nuclear  magnetic 
resonance  experiments  which  indicate  that  little  or  no  NH2  motion 
is  present  below  about  200  C°,  above  this  in  the  vicinity  of  222  C° 
the  free  radicals  observed  by  F3R  begin  to  decay.  Secondly,  in  the 
course  of  solution  studies  discussed  below,  we  found  that  the  solid 
state  free  radical  spectrum  changed  after  the  sample  was  wet  with 
dimethyl  sulfoxide  as  shown  in  Fig.  4d.  The  effect  is  irreversible 
in  that  the  lineshape  remained  altered  after  subsequent  drying.  For 
these  two  cases,  at  least,  ci  relaxation  of  lattice  rigidity  by  ther¬ 
mal  or  solvent  mechanisms  is  accompanied  by  a  change  in  the  free 
radical  signal. 


SOI  111’ ION  PBRIVATTVES  OF  'll  IF.  SOLID  RADICAL 

When  UV  irradiated  TATD  is  treated  with  dimethyl  sulfoxide  (DMSO), 
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the  solution  has  a  slightly  darker  color  compare -I  to  the  pule  yellow 
solution  obtained  from  the  non-irrad i'aU:d  {.owl -r.  If  the  solution 
prepare  .1  fro-  irradiated  powder  is  exetui n-d  by  FSR,  one  obtains  a 
multi- 1  if..-  f  r.*  ■  dissolved  free  radical  species, 

tee  e  -ir-  r  is  r.  ss  n'd  whether  thy  solution  is  prepared  in  the 
prose:  St  -  o:  -or,  although  oxygen  was  generally  excluded  to 

avoir'  : .  ■  -  ■-  l  -ne  1  o:  r.bening.  the  radicals  have  a  lifetime  on 

the  o.v'-.r  :v  n:  r.rur  who:  exposed  to  air,  but  last  for  s.veral  days 
when  th  ■  :  ~  1 '  v  r  :  c  c  eg  a  sr.  :-d . 

The  free  red 'eels  remaining  in  the  parent  solid  are  considerably 


more  stable  t’r  there  in  the  liquid  phase,  even  though  a  lineshape 
change  ci  the  air  r.-llual  occurs  when  the  irradiated  powder  is 
moistened  with  Id.SO,  as  shown  in  Fig.  (Id.  In  fact,  v;e  found  that 
after  the  liquid  radical  decayed  completely,  the  solution  could  be 


renewed  by  warming  it  with  the  parent  TATR. 

Glass-ware  shov.'n  in  Fig.  5  was  constructed  by  Dr.  A.D.  Britt  (NHL) . 
Arras  A  and  B  wore  used  for  the  initial  degassing  procedure.  Irradiated 


TATB  pwdor  (typically  50  mg.)  was  placed  in  arm  A.  A  small  amount 


(about  .1  cc.)  of  mOO  was  place  in  arm  B,  which  could  be  immersed  in 


liquid  nitrogen  for  degassing.  After  several  freeze-pump- thaw  cycles, 
the  neck  of  the  ap;rtrakus  was  sealed  off  under  vacuum.  The  DMSO  was 
then  mixed  wi th  the  powder  in  arm  A,  and  a  small  amount  of  the  solution 
was  poured  into  the  capillary  tube  of  arm  C.  The  function  of  this  th in 
tube  was  to  restrict  the  amount  of  Dt’ISO  which  is  lossy  at  the  microwave 


frequencies  used  in  F.f>R. 

Figure  6  .shows  spectra  of  the  liquid  radical,  one  taken  at  room 
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teirperal  ure,  the  other  just,  bel ov;  the  hailing  j x> Iiit.  of  Lt-lSO  (aljout 
f»r»  C°  under  vacuum)  .  11  if.?  greater  resolution  and  symmetry  at  the 
higtier  tcii'poraturc?  can  be  attributed  to  in/i.e  efficient  rotational 
averaging  of  anisotropies.  Tne  spectrum  is.  symmetric,  indicative 
of  a  single  species,  but  even  at  the  higher  Loupe  nature,  resolution 
is  incomplete ,  since  the  lines  are  generally  broader  than  the  30  rag. 
iir.it  imposed  by  the  100  kHz  f  ield  modulation  frequency.  The  mea¬ 
sured  g  value  was  2.004-1,  characteristic  of  a  nitro-arorratic  species.5 
Tetracene  dir. solved  in  concentrated  sulfuric  acid  was  used  as  a  ref¬ 
erence.  ^  r  preliminary  identification  o’"  this  free  radical  has  been 
made  by  Dr.  A.P.  Britt  {Kith);  tire  chemical  structure  and  splitting 
constants  eve  indicated  in  Fig.  7a.  This  radical  differs  from  the 
species  originally  present  in  the  irradiated  solid.  Evaporation  of 
the  ft'iSO  from  the  solution  and  examination  of  the  powder  residue 
yields  the  spectrum  shown  in  Fig.  7b,  which  in  clearly  different  from 
that  shown  in  Fig.  .1. 
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Figure  3.  Thermal  decay  of  free  radicals  produced  by  ultraviolet  irradiation 
of  the  solid.  The  number  of  spins  is  obtained  by  double  integration  of  t'.ho 
absorption-derivative  ESR  spectrum  present  at  each  temperature;  Curie  law 
behavior  was  assumed  hy  weighting  each  point  by  its  temperature  in  K°.  The 
sample  temperature  was  .increased  hy  20  C.°  every  ten  minuter.. 


Figure  A.  Spectra  obtained  at  tor  t real mcnt  of  liV  irradiated  TATS 


V. 


( 


Ai'-ji  d  (/: iti  )SR) 


i 

j  ; 
^  i 


ARM  A 

(  KRK  Y.7.V.-Y  UKi 1  -  T1 !  A  V.1 ) 


\ 

\ 


arm  b 


SAMPLE - 


V 


—  SOLVENT 


Figure  5.  Glassware  used  for  preparation  of  liquid  sLate  free  radicals 
from  irradiated  TATB.  Anns  A  and  B  are  used  during  solvent 
degassing  and  mixing,  while  arm  C  in  u  .ed  for  observation. 
The  narrow  capillary  limits  the  amount  of  polar  solvent  to 
avoid  excessive  microwave  loss  when  arm  C  is  placed  in  the 
cavity. 


55  C  alters  the  spectrum  to  the  form  shown  in  the  lower  trace.  The 
feet  is  reversible. 


